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FOREWORD

This Final Technical Report describes the work performed for the
Naval Air Systems Command, Department of the Navy, under NASC Contract
N00019-75-C-0238, during the calendar period of 1975 January 20 through
1976 April 19. The work involved the nondestructive evaluation (NDE) of
ceramic materials, under the technical direction of Mr. Irving Machlin,
AIR-52031B, Naval Air Systems Commando Washington, DC 20361.

This contract with TRW Inc. was carried out in the Materials
Development Department - Dr. I. J. Toth, Manager-of TRW Materials Technology.
TRW personnel contributing to this program, and their areas of involvement,
were: Mr. T. Derkacs, Principal Investigator; Mr. I. M. Matay, Program
Manager and instrumentation optimization; and Mr. W. D. Brentnall, mechanical
testing and metallurgical evaluations. Technical support to this program
was provided by Messrs. J. Touhalisky and J. 0. Rowe, ultrasonic inspections;
Mr. A. V. Stan, instrumentation modifications; Mr. C. A. Tyndall, mechanical
testing; Mr. W. G. Curtis, scanning electron microscope fractography; and
Mr. C. E. Harris, electron beam microprobe analysis.

This Final Technical Report has been given an internal TRW report
number of ER-7798-F.

AMIOMN 1W_

"I. We NsetQ

WAINKUCEI

WIF IATIN ..................................

........... A, ................. ...........................

By ..................

DISTlIBUTtIN/AVAItABIUTY V W

Da AVAL a.A, L

iii

(r



ABSTRACT

An ultrasonic nondestructive evaluation (UNDE) technique was developed
to successfully detect small defects in gas turbine quality ceramic materials.
A high frequency (25-45 MHz), longitudinal wave mode, pulse-reflection UNDE
method was developed to evaluate a range of densities (2.2 to 3.2 g/cm3 ) of
ceramics (reaction bonded Si 3N4 , sintered SiC, hot pressed Si 3 N4 and hot
pressed SiC) for various types of defects (open pores and seeded inclusions of
low (A12 03 ) and high (WC) densities) of various small sizes (10 to 130 Jim).
Conventional mechanical tests were also performed to verify defect sizes and to
correlate material strength with UNDE results.
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1.0 INTRODUCTION

The trend in both military and commercial aircraft is toward turbo-
fan engines having a compact, high-temperature gas generator. Although
directionally solidified superalloy and composite materials may solve the
short-term requirements for high-temperature, high strength materials, the
long-term requirements for temperatures approaching 2500*F (1370 0 C) can
only be satislfed by ceramic materials.

Silicon nitride and silicon carbide are the two ceramics commonly
being considered for gas turbine and other high temperature engineering
applications because of their high strength combined with good oxidation
and thermal shock resistance. Both ceramics can be fabricated either as
a fully-dense, hot-pressed material with high strength but limited shape
capability, or as a more porous reaction sintered material, weaker but
with quite extensive shape capability. Because of trade-offs between cost,
fabricability and strength requirements, both forms warrant consideration
for gas' turbine applications. In addition, recent efforts have been directed
towards development of sintered materials with properties approaching those
of hot pressed material (Ref. 1).

,In order to make the use of ceramic materials practical for gas
turbines not only must suitable materials be developed, but nondestructive
techniques must be found to inspect these materials. The brittle failure
tendencies of ceramic materials, with catastrophic failure propagating
under stress from small defects, make flaw detection highly important.
However, in many cases, failure of these materials is controlled by in-
ternal voids, inclusions and microcracks that are beyond the detection
limits of existing inspection techniques.

The object of this program is to develop a nondestructive evaluation
technique capable of detecting defects in the 10 to 100 pm range in silicon
nitride and silicon carbide. The approach that has been selected is high
frequency ultrasonic evaluation.



2.0 SUMMARY

In order to cover in this program the range of materials and material
densities considered candidates for use in gas turbine engines, specimens
were obtained of hot pressed and sintered silicon carbide and hot pressed
and reaction bonded silicon nitride. These materials were procured seeded
with 125 pm low and high density particles in specified locations for use
as defect reference standards.' The material thicknesses were selected to
be typical for turbine airfoils.

Initially, investigation was concentrated on determining the physical
and acoustic properties of these materials. Of particular interest were
the density of the material, the velocity of'sound in the material, and the
acoustic insertion loss as a function of ultrasonic frequency. In addition
to these investigations, the materials were inspected by X-radiography and
conventional ultrasonics in order to provide baseline data. This initial
work showed that the hot pressed materials were of higher quality and were
more suitable for detection of smaller size defects using higher frequency
ultrasound. It also allowed specification of high frequency ultrasonic
transducers.

Preliminary high frequency inspections were performed using various
combinations of parameters in order to establish the best technique (combi-
nation of available equipment and method) to use for each material. Final
inspections were then performed using the best available technique with
particular emphasis on achieving thorough inspection of the material. Four
point-bend testing was used to expose the ultrasonically detected defects
so that they could be examined by scanning electron microscope fractography
and electron beam microprobe analysis. Flexural strength data was also
recorded and analyzed for a possible correlation with ultrasonic Inspection
results.

The results of the ultrasonic inspections verified that increasing
the inspection frequency from 15 to 25 and then to 45 MHz allowed ever
smaller defects to be detected, as expected from theoretical considerations.
The hot pressed silicon carbide billet showed so few defects that no
mechanical testing was performed. The sintered silicon carbide billet
showed some particular patterns of ultrasonic indications that were found
to correlate with areas of secondary fragmentation on the fracture surfaces.
However, since fracture did not initiate from these defects, no correlation
was found with flexural strength. The 45 MHz inspection of the sintered
silicon' carbide billet showed a general pattern of indications which seemed
to correlate with the pores in the material which are not larger than about
20 pm. The reaction bonded silicon nitride billet showed a general back-
ground of Indications which was almost continuous at 25 MHz. These indi-
cations were identified as originating from pores In the material on the
order of about 20 pm in diameter. The frequency of these indications was
found to correlate with flexural strength. However, it was also found
that the indicationsfrom the pores masked indications from larger inclusions
which were strength limiting. It is therefore recommended that further
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investigation of reaction bonded silicon nitride be directed toward using
a lower frequency inspection to detect large, strength limiting defects,
while avoiding Indications from the general porosity.

The billet of hot pressed silicon nitride was the only one in which
a large number of individual defects were detected, including the seeded
defects. This billet was machined into four point-bend specimens in which
individual ultrasonically detected defects were located near the center of
the tensile surface during testing. Specimens from defect free areas were
also tested to provide baseline material strength data. No correlation
was established between ultrasonic inspection results and the flexural
strength of the hot pressed silicon nitride, because only four of the sixteen
specimens could definitely be said to have failed through the ultrasonically
detected defects. Three conclusions were drawn from the test results:

1. The smallest defect that could be definitely correlated with
an ultrasonic signal was a 25 pm void (detected using an
inspection frequency of 25 MHz).

2. Due to the difference in acoustic impedance mismatch, there is
about a factor of ten difference between the signal level
reflected from a low density (A12 03 ) and high density (WC)
inclusion of about the same size, shape and depth in the
material.

3. The defects were deformed by the hot pressing, making them
favorably oriented for ultrasonic detection but not for
affecting material strength. For this type of specimen/
defect geometry, ultrasonic shear wave inspection should give
a much better correlation with flexural strength than the
longitudinal wave inspection used in this program.

In conclusion, the results of this program show that the basic goal
of detecting defects in the 10 to 100 pm size range was accomplished by
high frequency ultrasonics. They also show that the primary effort of future
work should be an attempt to correlate flexural strength with the results of
ultrasonic shear wave inspection. Development of somewhat higher frequency
inspection is also warranted, particularly for hot pressed silicon carbide.

I



3.0 CERAMIC MATERIALS

3.1 General

A variety of ceramic materials have been considered for use in gas
turbine engines and other engineering applications where high temperature,
oxidizing environments are encountered. Because of an outstanding combin-
ation of oxidation resistance, high-temperature strength and resistance to
thermal shock, Si 3 N4 and SiC have emerged as the most promising materials
for use as gas turbine engine components. Figure 1 shows temperature capa-
bilities for turbine blades fabricated from various materials. For 1000-hour
rupture life under typical operating stresses, of the systems currently being
investigated only Si 3 N4 and SIC have potential for the 2300*F (126 0 °C) to
2500°F (1370 0C) temperature range.

Both Si 3 N4 and SIC can be fabricated by one of several methods, so
that there exists a series of materials with different sets of properties
represented by each chemical formula (Ref. 2). Si 3 N4, for example, can be
formed by reaction sintering (Refs. 3-6), hot pressing (Ref. 7), conventional
sintering (Ref. 8), and chemical vapor deposition (Ref. 9). Each of these
methods produces different amounts of porosity, different microstructure,
and therefore different properties. In addition, for hot pressing and con-
ventional sintering, where additives are used to aid sintering, the proper-
ties of the material depend on the additives used (Ref. 10). Finally, the
properties of the final materials depend on the processing parameters used
and the purity, grain size and phase type of the ceramic powders (Ref. 11).
With the wide variety of materials available and with the rapid changes that
are occurring as a result of the continuing effort to improve these materials,
a program designed to develop an inspection method for whatever form is
finally used, cannot investigate all of the materials available nor can it
be limited to only one. Rather, it must investigate enough representative
samples to cover the range of parameters that are likely to be encountered
in the general population of gas turbine quality ceramics.

It is well established that the strength of ceramic materials is
controlled by the size of cracks or crack precursors (inclusions) in the
materials. In other words, a ceramic material will fail at a stress lower
than the theoretical strength of a perfect specimen because of the defects
present in it. Fracture mechanics attempts to relate the size of the defect
present to the strength of the material. The Griffith-Irwin thermodynamic
approach relates the material strength (S) to the crack size (c), the elastic
modulus (E) and the fracture energy (y) through a dimensionless geometric
factor (A):

4
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where Kc = fJ-T is called the critical stress intensity factor and is
directly related to the magnitude of the stresses in the immediate vicinity
of the crack front. It can be seen from this equation that material strength
is increased by increasing y and E, which are material properties related to
microstructure, and by reducing crack length, c. Since porosity tends to
decrease E, it must be considered a defect along with cracks and their pre-
cursors, inclusions (Refs. 12 and 13).

In some materials cracks remain at their initial length until fracture
stress is reached; then propagate catastrophically to failure (Ref. 14). In
such a case, knowledge of the material properties and the stress field to which
the part is to be subjected enables equation (1) to be used to calculate the
maximum allowable initial crack size. A nondestructive inspection method is
then needed to ensure with a specified reliability at a specified confidence
level that no crack exists equal to or greater than this specified maximum
crack length.

In other materials, stress levels lower than the fracture stress cause
the initial cracks to slowly extend until the critical crack size to satisfy
equation (1) is reached for the applied stress; then the crack propagates
catastrophically to failure. This phenomena, known as subcritical crack
growth (Refs. 15 and 16), causes material strength to be dependent on the
time spent under stress. Many materials have been found to follow the
relation:

V = BKn (2)

where V is the crack velocity, K is the stress intensity factor and B and n
are constants that can be determined for a particular material experimentally
(Refs. 17 and 18). For transient conditions, such as thermal stress, experi-
ments must be run to determine strength as a function of stressing rate
(Ref. 19). For these materials it is not enough to calculate the maximum
allowable initial crack size based on fracture stress. Rather, it is necessary
to assume a lifetime for a part and to calculate the maximum initial crack
size that would not propagate to critical size in this lifetime, assuming
a certain pattern of stresses and stress rates. Since the maximum allowable
crack in this case is much smaller than for materials that do not experience
subcritical crack growth, a much more sensitive nondestructive evaluation
method is required to ensure that a part meets the criteria used in making
fracture mechanics calculations. Furthermore, the more sensitive the
inspection technique, the longer the lifetime that can be assumed for the part.
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The mode of failure for Si 3 N4 and SiC depends on the fabrication
method and the operating temperature. Lange (Ref. 20) has shown that,
for hot pressed Si 3 N4, fracture at low temperature results from critical
stress, with fracture propagating from cracks or inclusions in the 80 to
150 Um range. For the high temperatures of interest for gas turbine appli-
cations, however, subcritical crack growth occurs resulting in lower fracture
strength than at low temperatures. Terwilliger (Ref. 21) has shown that the
same pattern occurs with reaction sintered material when an impurity (5% MgO)
is added as an aid to densification. As can be seen from Figure 2, reaction
sintered material made without such additives, while lower in strength at low
temperatures, maintains its strength at high temperatures. It is concluded
from these observations that the impurities added to aid densification lower
the viscosity of the glassy phase at the grain boundaries resulting in sub-
critical crack growth at high temperatures.

In conclusion, it can be seen from the above discussion that the
ceramic materials that are eventually used in gas turbine applications may
fail either due to application of critical fracture stress or due to sub-
critical crack growth. In the former case defects on the order of 100 Jim
must be detected, although detection of smaller defects would certainly
be of economic benefit. In the latter case, much smaller defects must be
detected, possibly as small as 10 to 25 Pm (Ref. 22), in order to ensure
that the criteria assumed in fracture mechanics calculations are met. It
is therefore necessary to develop a nondestructive evaluation technique
capable of detecting defects in the 10 to 100 pm range with a high degree of
reliability.

3.2 Material Selection and Procurement

The specimens were selected for this program to cover the range of
material types that seem promising for gas turbine applications. The speci-
mens were selected to be a convenient size for C-scan inspection as well as
for manufacture and to be a thickness typical of turbine blades. Finally,
it was decided that the specimens should be seeded with known defects in
order to provide a calibration point for determining the size of other
defects detected ultrasonically.

The specimens purchased for this program were 6 x 6-inch (15 x 15 cm)
billets, seeded as shown in Figure 3, of the following types:

1. Cerralloy* 146A, hot pressed silicon carbide 0.25 inches (0.064 cm)
thick, densified using boron nitride with 1/2 to 1 percent
impurities such as calcium, aluminum and iron.

Ceradyne, Inc., Chatsworth, CA.
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o Hot Pressed Material (Lange)
* Sintered Material (5% MgO)

lCL tO0

I-b

= 90
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0 200 400 60D SOD I000 1200 1400 1600

Temperature. (OCI

Figure 2. Strengths of Silicon Nitrides (Reference 21).
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DESTRUCTIBLE MATERIAL TO

PRODUCE 0.005" DIAMETER VOID

0.005" DIAMETER TUNGSTEN INCLUSION

Figure 3. Seeding Scheme for Ceramic Specimens.
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2. Cerralloy* 147, hot pressed silicon nitride 0.25 inches (0.64 cm)
thick, densified using one percent magnesium oxide with 1/2 to
1 percent impurities such as calcium, aluminum and iron.

3. NC+435, silicon carbide 0.17 inches (0.43 cm) thick, sintered
using an additive to achieve 100 percent of theoretical
density with fine grain structure (3 um).

4. NC+350, reaction bonded silicon nitride 0.25 inches (0.64 cm)
thick, expected to contain small (<50 pm) well distributed
pores.

Each specimen was ground to a 15 to 20 microinch surface finish on the
large surfaces. The seeded defects were selected to simulate typical ceramic
defects. Voids were used to simulate low density defects such as pores, un-
reacted silicon and boron nitride. Tungsten carbide particles were used for
high density defects because this material may be found in ceramic powders.
The 0.005-inch (125 um) size was chosen because it is the smallest size that
could be conveniently handled by the manufacturer. The selection of a source
for the hot pressed materials was based primarily on the excellent delivery
time offered by Ceradyne.

3.3 Specimen Properties Determination

Before equipment and parameters could be selected for ultrasonic
inspection of these specimens, it was necessary to measure some of the
material properties. Of particular interest was the density of each material.
Since the billets were of a regular rectangular shape, their densities were
determined by measuring their dimensions accurately and by weighing them.
The results are listed in Table 1.

The densities of the hot pressed materials are comparable to the
3.2 g/cm3 reported in other studies (Ref. 23). The density of the sintered
silicon carbide, assuming 12% unreacted silicon, represents about 2.5% void
volume. The density of the reaction bonded silicon nitride is about 69%
of theoretical density.

In addition to density measurements, the billet specimens were also
evaluated for gross defects by X-radiography. Figures 4, 5, 6 and 7 are
X-radiographs of the four billets. Figures 4 and 5 are 2 percent X-radiographs
of the sintered silicon carbide and reaction bonded silicon nitride taken by
the manufacturer prior to final machining. The mottled appearance of the
sintered silicon nitride is due in part to unreacted silicon which was removed
from the surface during final machining. Figures 6 and 7 are X-radiographs of
the hot pressed silicon nitride taken with a Picker Minishot II on Kodak
Type M film at 40 KV and 3mA for 2 minutes at a focal distance of 24 inches.
X-radiography was not able to detect the seeded defects in any of these
specimens.

+Norton Co., Worcester, MA.
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TABLE I

CERAMIC SPECIMEN DENSITIES

Bulk Density
Material Type (g/cm3 )

Sintered Silicon Carbide 2.95

Hot-pressed Silicon Carbide 3.24

Hot-pressed Silicon Nitride 3.17

Reaction Bonded Silicon Nitride 2.20

II



Figure 4. X-Radiograph of NC-435 Sintered Silicon Carbide Billet
Before Final Machining.



Figure 5. X-Radiograph of NC-350 Reaction Bonded Silicon Nitride Billet
Before Final Machining.
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Figure 6. X-Radiograph of Cerralloy 146A Hot Pressed Silicon Carbide Billet.

14



Figure 7.' X-Radiograph of Cerralloy .147 Hot Pressed Silicon Nitride Billet.
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4.0 NONDESTRUCTIVE EVALUATIONS

4.1 General

A number of nondestructive evaluation methods are available for detection
of internal flaws in ceramics. Among these are established techniques, such as
ultrasonics, X-radlography, and, to a lesser extent, neutron radiography and
those still in developmental stages, such as microwave, infrared and acoustical
holography. Evaluation of these techniques for gas turbine ceramics (Ref. 24),
however, has shown that the present detection sensitivity of the established
techniques is not within the 10 to 100 pm range of interest In this program.
Efforts to improve ultrasonic sensitivity by computer enhancement (Ref. 25)
have shown the potential for detecting defects down to 60 pm. However, the
poor surface resolution of this technique (5 mm) makes it unsuitable for thin
sections such as airfoils. In evaluating the potential for further development
of the available techniques, it was concluded that high frequency ultrasonics
is the most promising technique with the theoretic capability to detect defects
in the size range of interest.

The ability of ultrasonic waves to detect a defect depends on several
factors. The wavelength, X, of the ultrasound must be equal or smaller than
the flaw dimension, Ld, so that the waves will interacti with the flaw. The
neighboring particle size (grain structure), Lc, of the media under test must
be smaller by a factor of three, or more, than the wavelength in order to
avoid undesired acoustic scattering. These two requirements are expressed by
the following formula:

Ld>X>3Lc (3)

The acoustic impedance mismatch between the flaw and the material being
inspected must be large enough to cause a significant reflection or scattering
of energy. For pulse-echo testing the flaw must be oriented so that the
signal returns to the transducer. Finally, the attenuation of the material
must not be too great, so that sufficient energy reaches the receiving trans-
ducer to allow amplification of the defect signal above the level of electronic
noise.

In view of formula (3), the probing acoustic wave must be designed
for the particular material/defect application in mind. Conventional
ultrasonic equipment is primarily designed for inspection of metals, where
the relatively coarse grain structure limits the ultrasonic frequency that
can be used. The fine grain size in SiJN4 and SiC, however, makes it possible
to use frequencies higher than those offered by commercial ultrasonic instru-
mentation, thus making it possible to detect smaller flaws than has generally
been the case in metals.

16



The frequency, f, of a sound wave in a material with acoustic velocity,
v, is given by

f (4)

where X is the acoustic wavelength. The ultrasonic frequency, therefore,
must be selected based on the acoustic velocity of the particular material
under test to give a wavelength at least as small as the defect to be
detected, but large enough to avoid interference from grain structure.

4.2 Acoustic Properties Determination

In order to tailor the interrogating ultrasonic energy to be the most
suitable to the material/defect relationship described in Section 4.l, it
was necessary to determine certain acoustic properties of the ceramic materials.
Accordingly, acoustic velocity impedance and insertion loss measurements were
carried out on the billet specimens.

Figure 8 is the diagram of a typical A-scan display used to measure
the acoustic velocity. A large reflection is received from the front surface
of the material followed by a diminishing series of reverberation reflections
from the surfaces. The time between any two successive echoes is the time
required for the waves to travel through the material and back. Therefore,
the velocity is equal to twice the material thickness divided by the elapsed
time between successive pulses. Since the acoustic velocity is independent
of frequency for a given material, the velocity was measured only at 10 mega-
hertz (MHz). This frequency was selected because it is high enough to allow
resolution of the pulses from the front and back surfaces of these relatively
thin materials and yet low enough so that numerous multiple reflections of
the back surface can be seen, thereby increasing the accuracy of the measurement.

The acoustic impedance, Z, of a material is given by

Z = Pv (5)

where p is the material density and v is the acoustic velocity. The density
of each specimen was determined by direct measurement of the specimen dimen-
sions and weight. This along with the acoustic velocity was used to calculate
the acoustic impedance,

The attenuation of the acoustic beam during immersion inspection of
a material is the result of reflections at the material to couplant (usuall.y
water) interfaces, attenuation in the material and divergence of the acoustic
beam to -a diameter larger than the receiving transducer. The latter depends
on the divergence (or convergence) of the beam from the transucer, the
geometry of the part being inspected and the acoustic impedance mismatch
between the material and the couplant. While it is difficult to separate
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the effects of these factors, for the purposes of this program it is not
necessary to do so. The total signal loss caused by the material as a
function of frequency is the primary factor of interest. This was measured
by the arrangement shown in Figure 9. Two transducers were placed a fixed
distance apart and the voltage, V1 , at the receiver was measured. The
specimen was then placed between the transucers and the voltage, V2 , at
the receiver was again measured. One minus the ratio of these two voltages
is the insertion loss caused by the material.

In order to evaluate the uniformity of the acoustic properties,
each of the specimens was divided up into twenty-five one-inch square
cells. The thickness, acoustic transit time and acoustic insertion loss
were measured at the center of each cell. The insertion loss was measured
at 1, 5, 10, 15, 25 and 45 MHz. All acoustic properties data are shown
in Table II.

The acoustic velocities measured were quite high, about a factor
of two higher than for common metals in all but one ceramic material. The
densd.-ty measured for the reaction bonded silicon nitride indicates a
31 percent void volume. This, it is believed, in turn caused an acoustic
veldcity that is much lower, about equivalent to metals. The density
and-velocity values for the silicon nitride are in excellent agreement
with the work of McLean, et al (Ref. 26), who showed that the sonic velocity
is directly proportional to the density of silicon nitride over the density
range 2.2 to 3.2 g/cm3 .

The acoustic velocity was not found to vary significantly in any
of the materials except the reaction bonded silicon nitride. In this
material the velocity varied from 5910 to 654 5 m/s. Based on the velocity
to density relationship mentioned above, this is a density variation from
2.14 to 2.30 g/cm3 . The acoustic impedances fall within the range of
values found for metals. The value for reaction bonded silicon nitride
is similar to that for titanium or aluminum, while the values for the
other materials are higher, but below those of steels or nickel base alloys.
The insertion loss did not vary appreciably from one point to another on
any of the specimens, except the reaction bonded silicon nitride. Figure 10
is a plot of the average insertion loss versus transducer resonant frequency
for all four specimens. This data has been normalized for specimen thickness.
It should be emphasized that the insertion loss depends on many factors
other than frequency. Also, as will be discussed in more detail in
Appendix 8.1, the 25 and 45 MHz transducers put out a broad range of
frequencies the most predominant of which is not necessarily the resonant
frequency. This data was obtained to determine a first estimate of the
difficulty of passing sound through the material. The lower insertion
loss for the reaction bonded silicon nitride is due to less reflection
at the water/ceramic interface due to the lower acoustic impedance of
this material.
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4°3 Conventional Ultrasonic Inspection

The initial inspections of the ceramic materials were conducted using
conventional techniques to establish baseline data and to assist in establish-
ment of the final inspection procedure. These inspections were performed at
a frequency of 15 MHz, using a Sperry UM 700 ultrasonic instrument with a
UFN pulser/receiver unit and a 1/4 inch diameter focused transducer. When
no defects were found on either part using the conventional pulse-echo
technique, a loss of back-surface-reflection technique was used. This
latter technique is similar in concept to through-transmission inspection,
but uses only one transducer. The defect gate.was set to detect a drop
in the reflection from the back surface of the part due to scattering of
the beam at a defect. Figures 11, 12 and 13 show C-scan recordings made
using this technique on the hot pressed silicon carbide, hot pressed silicon
nitride and on the sintered silicon carbide materials, respectively. The
reaction bonded silicon nitride specimen was received too late in the program
to be inspected by this technique. This conventional ultrasonic technique
did.not show a defect in the hot pressed silicon carbide (Figure 11) even
when the sensitivity was adjusted to gate on the surface texture of the
part. Figure 12, however, shows several of the larger defects in the hot
pressed silicon nitride that were detected by the pulse-echo technique at
higher frequencies. In this case a defect indication is a light spot
outlined by dark indications caused by scattering at the defect edges.
Fig~ure 13 shows a considerable number of indications scattered throughout
the sintered silicon carbide. It should be noted that the darkening' at
the corners of the specimens is a result of a slight taper at the corners.
The dark indentations on the sides are the grips used to hold the specimens
during C-scan.

As a result of these conventional ultrasonic inspections, as well
as the material properties determinations, the need was identified to
reinspect the materials using both instrumentation and transducers of higher
frequencies. It was also determined that longer focal length transducers
were-needed to compensate for the high acoustic velocities of these materials.
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Figure 13.' C-Scan Recording of Sintered Silicon Carbide Specimen Using
Loss-of-Back-Reflection Method at a Frequency of 15 MHz.



5.0 HIGH-FREQUENCY ULTRASONIC EVALUATIONS

Using high frequencies to inspect the ceramic materials required some
developmental efforts in both instrumentation modifications and new transducer
procurements. These efforts are discussed in Section 8.0, Appendices.

5.1 Initial Inspection

Initial high frequency inspections were made of all four ceramic
specimens using the pulse-echo technique with two newly acquired 25 and
45 MHz transducers and employing an Erdman Model 1177B pulser/receiver.
C-scan recordings of these inspections are shown in Figures 14 through 17,
at 25 MHz, and Figures 18 through 23 at 45 MHz. No C-scan recording is
included of the hot pressed silicon carbide at 25 MHz because the result
was the same as at 45 MHz (Figure 21). No defects were detected.

The C-scan recording of sintered silicon carbide shows extensive areas
of indications at 25 MHz (Figure 14) and even more at 45 MHz (Figure 18).
However, Figure 19 made at a different focal plane, shows only a few scattered
indications. This result indicates that the indications result from clusters
of small defects isolated in one plane in the material so that they only are
detected when the transducer is focused close to this plane.

The C-scan recordings of reaction bonded silicon nitride show extensive
indications throughout- the part at 25 MHz (Figure 15) and even more indications
at 45 MHz (Figure 20). Figure 16 was made at 25 MHz at reduced sensitivity in
order to identify any particularly bad areas. The fact that the side of the
specimen that shows fewer indications (side 1, 2) also shows higher acoustic velocity
and, therefore, higher density, tends to substantiate the theory that these
indications are caused by the porosity in this material.

Figure 17, a C-scan recording of the hot pressed silicon nitride at
25 MHz, shows several of the same large defects that were detected at 15 MHz
by the loss-of-back-reflection method. Figures 22 and 23 are of the same part
at 45 MHz at two different focal planes, one-third and two-thirds of the
specimen thickness below the top surface of the specimen, respectively. The
defects labeled A are those previously detected. Those labeled D are defects
first detected in Figure 22. The indication labeled C is caused by a chip
in the top surface of the part. The indications labeled E in Figure 23 are
defects that did not appear in the previous recordings.

A number of conclusions were drawn from these initial high frequency
inspections:

1. It was confirmed that increasing the inspection frequency
improves defect detectability,

2. The need was identified to inspect at several different
focal planes in order to obtain complete coverage of the
part.
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Figure 17. C-Scan Recording of Hot Pressed Silicon Nitride Specimen
Using Pulse-Echo Method at a Frequency of 25 MHz.
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Figure 18. C-Scan Recording of Sintered Silicon Carbide Specimen
Using High Sensitivity Pulse-Echo Method at a Frequency
of 45 MHz with the Transducer Focal Point Two-Thirds
of the Specimen Thickness Below the Top Surface.
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Figure 19. C-Scan Recording of Sintered Silicon Carbide Specimen
Using High Sensitivity Pulse-Echo Method at a Frequency
of 45 MHz with the Transducer Focal Point One-Third
of ,the Specimen Thickness Below the Top Surface.
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Figure 20. C-Scan Recording of Reaction Bonded Silicon Nitride
Specimen Using High Sensitivity Pulse-Echo Method at
a Frequency of 45 MHz.
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Figure 21. C-Scan Recording of Hot Pressed Silicon Carbide
Specimen Using High Sensitivity Pulse-Echo Method
at a Frequency of 45 MHz.
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Figure 22. C-Scan Recording of Hot Pressed Silicon Nitride
Specimen Using High Sensitivity Pulse-Echo Method
at a Frequency of 45 MHz with the Transducer Focal
Point One-Third of the Specimen Thickness Below the
Top Surface.
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Figure 23. C-Scan Recording of Hot Pressed Silicon Nitride
Specimen Using High Sensitivity Pulse-Echo Method
at a Frequency of 45 MHz with the Transducer Focal
"Point Two-Thirds of the Specimen Thickness Below
the Top Surface.
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3. It was shown that specimens of reaction bonded silicon
nitride and sintered silicon carbide are not suitable
for higher sensitivity inspections because they already
give practically continous indications.

5.2 High-Frequency Inspections

As a result of the initial inspections and the studies of transducer
response as a function of the driving pulse characteristics (refer to
Appendix 8.1, Transducer Characterization), it became evident that an
Improved pulser would provide a much enhanced defect detectability.
Accordingly, instrumentation modifications were carried out which are
discussed in Appendix 8.2, Instrumentation Considerations.

5.2.1 Inspection of Hot Pressed Silicon Nitride

In order to investigate the effect of the focal depth of the
ultrasonic transducers, the billet of hot pressed silicon nitride was
inspected at seven focal planes at a frequency of 25 MHz. It was found
that when the water path was long enough to focus on the top half of the
specimen, the sensitivity fell off. Therefore, scans were made at
focal planes from the middle down to the back surface from each side.
This procedure was then used to scan the same billet at seven focal planes
at, 45 MHz. The C-scan recordings of these inspections have not all been
presented in this report because they would become repetitious. The
following figures, however, illustrate the major conclusions drawn from these
inspections.

The first conclusion drawn from these inspections is that,
using the modified instrumentation (Section 8.2), the inspection is much
more sensitive, even with the 25 MHz transducer than with~the pre-ýious'y
used pulser and the 45 MHz transducer. Second, all four of the seeded
defects are detectable with::this technique. These points are illustrated
by Figure 24, a C-scan recording made using the pulse-echo method with the
25 MHz transducer focused near the center of the part. The defects pre-
viously detected (see Figure 17 at 25 MHz and Figures 22 and 23 at 45 MHz)
are labeled D. Two of these are the seeded 0.005 inch (125 Pm) voids also
labeled SV. The new defects are labeled N. Two of these are the 0.005
inch (125 pm) tungsten carbide particles also labeled SWC. These four seeded
defects form a one-inch square near corner #3 of the billet just as in-
dicated by the manufacturer. (It should be noted in comparing Figure 24
to the seeding diagram, Figure 3, that the original six-inch square billet
was chipped on the edges and was machined down to five and one-half inches.
thereby moving the seeded defects closer to the edge).
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Figure 24. C-Scan Recording of Hot Pressed Silicon Nitride
Specimen Using the Pulse-Echo Ultrasonic Inspection
Method at a Frequency of 25 MHz with the Transducer
Focused Near the Center of the Part.
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The third conclusion is that inspection at 45 MHz is not
dramatically better than inspection at 25 MHz. This is illustrated by
Figure 25, a C-scan recording equivalent to Figure 24, but using the 45 MHz
transducer. In Figure 25, defects labeled N are new ones that do not appear
in Figure 24. Letter O's mark locations where defects appearifig ifi'Figure 24
do not appear in Figure 25. A more detailed examination of all the scans
reveals that most of the defects appear on scans at both frequencies. A
few very small defects do appear only at 45 MHz, Indicating improved reso-
lution with frequency. Finally, by comparing the scans at different focal
planes It is concluded that most of the defects appear either on those
made with the transducer focused near the center of the part or on those
made with the transducer focused near one surface. Figures 26 and 27 are
C-scans made with.the 25 and 45 MHz transducers, respectively, focused near
the surface of the part. The defects labeled N in these figures are ones
that did not appear in the C-scan with the transducer focused at the center
of the part at the same frequency. Another factor that varied between focal
planes was background noise. Three sources of spurious indications were
identified: reflections from turbulence in the water, which can be con-
trolled by scan speed and water depth; electronic noise from the receiver
caused by the necessity for using a very high gain setting; and false gating
caused by problems in synchronizing the pulser to the receiver and by
fluctuations in the front interface pulse. This latter condition is caused
either by surface texture or by surface defects. Since the defect gate is
synchronized to the front interface pulse, these fluctuations can cause the
defect gate to shift momentarily to include the rear interface pulse, thus
causing a false defect signal. This effect was observed to vary considerably
from one focal plane to another apparently depending on how the ultrasonic
beam interacts with the surface. Further investigation is needed to obtain
a better understanding of this phenomenon.

The seeded defects were included in the part to use in setting
the Instrument gain in order to obtain an estimate of the size of the other
defects observed. It turned out, however, that the signal from a seeded
void saturated the receiver with the gain at the mJnimum setting. There-
fore, an attenuator had to be installed at the output of the pulser to
reduce the signal strength to bring it into the range of the receiver. With
this arrangement, the gain was set to give a signal just below saturation
for the seeded void. The pulser height from the other defects was then
measured, in each case with the transducer height adjusted to focus on the
defect in order to peak the signal. The depth of the defect in the part
was also measured. Based on these results a map of the part was made showing
relative defect size and defect depth (Figure 28). The depth is designated
as bottom, middle or top third of the part. The figure also shows those
defects that are detected only at .45 MHz. These defects were either very
small (0.10 or less) or were very close to the top or bottom surface (i.e.,
2.2 BF and 0.70 TF). This map was used to select defects for destructive
examination.
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Figure 25. C-Scan Recording of Hot Pressed Silicon Nitride
Specimen Using the Pulse-Echo Ultrasonic Inspection
Method at a Frequency of 45 MHz with the Transducer
Focused Near the Center of the Part..
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Method at a Frequency of 25 MHz with the Transducer
Focused Near the Back Surface of the Part.
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The seeded tungsten carbide particle gave pulse heights about 10% of
those from the seeded voids. The smallest defect observed gave a signal 1%
of that from a seeded void and 10% of that from a seeded tungsten carbide
particle. Assuming that the pulse height is proportional to the defect area,
the ratio of defect sizes is proportional to the square root of the ratio of
pulse heights. Therefore, these results indicate that the smallest defect
detected is no greater than one-third of the size of the seeded tungsten car-
bide particles and could be much smaller.

5.2.2 Inspection of Hot Pressed Silicon Carbide

Based on the results of the inspection of the hot pressed
silicon nitride, it was decided to inspect the hot pressed silicon carbide
at three focal planes, at the center and near each surface from the back
side, at both 25 MHz and 45 MHz. During inspection this material exhibited
a severe noise response. Nevertheless, in order to maintain the desired
high degree of defect detection, the inspection was carried out with high
instrument sensitivity. In order to overcome the billet's poor signal-to-
noise ratio, the following signal enhancing technique was used.

Two inspections were carried out yielding C-scan recordings.
Comparing the two recordings (by overlaying one on another with the aid of
transparencies) similar indications were identified. These were then re-
inspected and diagnosed for their response with the aid of the instrument's
A-scan display.

The procedure described helped to identify three small defects
in the billet. Figures 29 and 30 show the C-scan recordings for 25 and 45
MHz frequencies, respectively, both revealing these defects. The noise
problem was less severe at 45 MHz.

Since the seeded defects were not found in this billet there
is no direct way to estimate the defect sizes. An indirect method was
therefore used. The instrument was set up using a seeded void in the billet
of hot pressed silicon nitride. The billet of silicon carbide was then
examined using these same instrument settings. The three defects were found
to have signal amplitudes on the CRT display of 2.1, 1.5 and 0.7 cm compared
to a pulse height of 4.0 cm for the seeded void. However, the material
difference makes these values only rough estimates.

Based on the results of both the frequency response tests
described in Appendix 8.1 and the ultrasonic inspections, the following
appraisal may be made. The ultrasonic transducers are operating at a broad
spectrum of frequencies. The combination of the transducer and instrumenta-
tion characteristics and the preferential attenuation of higher frequencies
by the acoustic media causes the amplitude response to be a maximum at a
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frequency lower than the transducer resonant frequency. The favorable
defect detection experienced at 25 MHz is a result of the fact that the
receiver has its maximum sensitivity at this frequency. The lack of sig-
nificant improvement in going to 45 MHz Is due to a sharp drop-off in
receiver sensitivity with increasing frequency. It seems likely that
further receiver instrumentation modifications for improved high frequency
response to be used for ceramic inspection would result In significantly
improved detection capability.
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6.0 VERIFICATION OF ULTRASONIC EVALUATIONS BY MECHANICAL TESTING

6.1 General

Since the primary objective of this program was to demonstrate that
high frequency ultrasonics is capable of detectinq defects in the 10 to
100 pm size range in gas turbine quality ceramics, the primary purpose
of the mechanical testing was to expose the ultrasonically detected defects
to the surface, in order to allow defect characterization by scanning electron
microscope (SEM) fractography and electron microprobe (EMP) analysis. A
secondary objective was to obtain a preliminary indication of the ultrason-
ically detected defect/mechanical property correlation by measuring the
flexural strength of the specimens. Standard four-point bend testing pro-
cedures were used, but with specially machined specimens, to accomplish these
goals. Procedures used with each of the three program materials tested,
hot pressed and reaction bonded silicon nitride and sintered silicon carbide,
are discussed in detail in the following sections. Mechanical testing was
not performed on the hot pressed silicon carbide,because so few defects were
detected, that there was little hope of obtaining any meaningful data.

6.2 Test Procedures

Standard bend tests were performed at room temperature using a tensile
loading bend test jig with universal-joint coupling to ensure load alignment.
Specimens with a two-to-one width-to-thickness ratio were tested at a constant
crosshead speed of 0.02 inches/min. (0.51 mm/min.) with load pins having an
inner span of 1/4 inch (0.64 cm) and an outer span of 3/4 inch (l.9l cm)
to provide a "third point" load span. Moment and stress distributions during
testin-g are shown schematically in Figures 31 and 32 with relevant dimensions
and formulae. In Figure 32 the simple tensile stress, at some location Y
above the neutral axis and between the inner loading pins, is indicated.
If Y represents the location of a particular defect, and if a suitable stress
concentration factor can be assigned to this defect, then a simple calcula-
tion would provide an estimate of the effective stress at this point from
which it should be possible to predict the fracture strength of the specimen.
Conversely, knowing the location of the defect and the fracture stress, a
value for the stress intensity factor can be calculated.

6.3 Hot Pressed Silicon Nitride Evaluation

The billet of Cerralloy 147, hot pressed silicon nitride, was found
ultrasonically to contain a random pattern of individual defects. Therefore,
the specimen locations were selected to place one of these defects near the
center of the tensile surface, in order to break the specimen through the
defect. Based on the work of Gruver, et al (Ref. 27), it was assumed that
some difficulty would be encountered in locating and classifying fracture
origins. Therefore, the specimens were located to provide as many defect
containing specimens as possible from the material available.
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6.3.1 Specimen Preparation

In order to machine specimens with defects close to the surface,
it was necessary to make an accurate determination of the location of each
defect. While the C-scan recordings give defect information, they are not
accurate enough to use in specifying machining tolerances to achieve accurate
defect location. The edges of the part are not well defined on the C-scan
recording, the defects are somewhat enlarged because of the size of the
ultrasonic beam, and also the system has some scanning hysteresis which
obscures the defect location. In order to locate the defects more accurately,
a composite transparency was made from all of the C-scan recordings so that
it showed all of the defects detected. Some of the larger defects were found
in the specimen ultrasonically and were used to achieve alignment between
the transparency on the C-scan recorder and the part in the tank. The trans-
parency was used to locate each defect ultrasonically and the transducer was
then brought in contact with the part. The peak ultrasonic signal from the
defect was obtained and then the outline of the transducer was drawn on the
part. After all the defect locations had been marked, a circle template with
a small hole in the center was used to locate the center of each circle. The
coordinates of these points were then measured from a corner of the specimen
to the nearest 0.01 inches (0.25 mm) and the value was marked on a drawing.
The 1/4 x 1/8 x 1-1/4-inch (0.64 x 0.32 x 3.18 cm) four-point bend specimens
were cut from the billet so that the 1/4-inch (0.64 cm) width dimension corre-
sponded to the billet thickness (see Figure 33). This direction was chosen
to facilitate machining the specimens with defects close to the surface.
Since this is not one of the two directions in which testing is normally
done, eight "defect free" specimens were cut parallel to each of the long
sides of the billet to provide baseline data. These specimens were desig-
nated X-1 through X-4 and Y-l through Y-4 (see Figure 34). These specimens
were tested first to determine if the strength was dependent on the direction
of cutting. The results, listed in Table III , showed a slight difference
of questionable significance. It was determined that sufficient specimens
could be cut in the Y-direction to provide the desired data. Therefore,
this approach was taken to avoid any effect of anisotropy. The specimens
with defects are also shown in Figure 34 and listed in Table III. Four
defects in each of three size ranges were selected for specimens. The
large defects gave ultrasonic signals of about the same intensity as the
seeded voids. The small defects gave signals about the same as the seeded
tungsten carbide particles. The medium size defects fell in between the
other two groups. In addition, two specimens were made with very small
defects seen only at 45 MHz and one specimen each was made with a seeded
void and a seeded tungsten carbide particle. A piece of hot pressed silicon
nitride approximately 7/8 x 2-7/8 inches (1.9 x 7.3 cm) with one seeded void
and one seeded tungsten carbide particle was retained as a reference standard
for future work.

The four-point bend specimens were machined using one of the
four corners of the original billet as reference surfaces. The specimen
numbers designate the corner of the billet used for reference. An attempt
was made to machine each specimen so that the measured defect location
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Figure 34. Layout of Flexural Strength Specimens on Billet of Hot Pressed
Silicon Nitride Showing Specimen Numbers and Relative Signal
Amplitudes From Flaws.
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TABLE III

FLEXURAL STRENGTH OF HOT PRESSED SILICON NITRIDE

Spec. Indicated Flexural Strength Apparent Fracture Initlatlon
No. Defect Size MN/m 2  ks.i, Site/Flaw Type(2) ,.

X-I - 495 71.8 Failed Due to Faulty Loading Pin

X-2 - 674 97.8 NE()

X-3 - 645 93.5 NE

X-4 534 80.3 Internal Flaw/D

Y-1 - 605 87.7 NE

Y-2 - 501 72.7

Y-3 - 531 77.0

Y-4 - 558 81.0

1-3 Large 585 84.9 Internal Linear Defect/D

3-4 588 85.3 Corner/B

4-4 516 74.9 Internal Flaw/D

4-5 533 77.3 Corner/B

1-I Medium 473 68.6 Corner/B

4-1 518 75.2 Corner/A

4-2 512 74.3 Corner/A

4-6 529 76.8 Adjacent to Corner/E

1-2 Small 514 74.5 Corner/B

1-4 612 88.8 Close to Surface/E or D

3-I 565 81.9 Adjacent to Corner/E

4-3 541 78.5 Corner/A

2-I Very Small 583 84.6 Corner/A

3-2 " 491 71,3 Corner/B

3-3(1) High Dens, 483 70.1 Seeded Defect/C (Tungsten Carbide)
3-5(l) Low Dens, 293 42.5 Seeded Defect/C (Aluminum Rich

NOTES: Inclusion)

()Seeded inclusions

(2)Flaw Type A Surface Notch D Internal Unidentified Flaw

B Unidentified Surface Flaw E Internal Void
C Internal Inclusion F Surface Pore

(3)NE- Not examined by SEM
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would be 0.015-inches (0.38 mm) below the surface on the tensile side of
the neutral axis during testing and within.0.1-inches (0.25 cm) of the center
of the specimen length. The eight "defect free" specimens were divided into
two groups containing two specimens from each direction. One group had
0.002-inches (50 Vm) removed from the tensile surface using a 220 grit
diamond wheel to make grooves parallel to the specimen length. The second
group had 0.007-inches (180 1m) removed. All the specimens were chamfered
0.005-inches (130 Pm) at 450 on all four corners. After these eight speci-
mens were tested, it was concluded that there was no significant difference
either in the appearance of the fracture surfaces or in the strength data
after removal of 0.002-inches (50 pm) or 0.007-inches (180 pm). Therefore,
the sixteen specimens with defects were all machined to remove 0.002-inches
(50 -0m).

6.3.2 Flexural Strength

Results of the flexural strength determinations on hot pressed
silicon nitride are listed in Table III. The first eight specimens are
"defect free" control specimens. The specimens with defects are arranged
in order of defect size as indicated by the ultrasonic signal strength data.
The fracture initiation site and defect type are also indicated in Table III.

Based on the limited data for control samples cut in the Y
direction, a mean strength level of about 517-586 MN/nmi (75-85 ksi) might
be assigned to this material. The data in Table III therefore would indicate
significantly reduced strength only for specimens 1-2, 3-2, 3-3, 3-5 and 4-2.
Specimens meant to contain defects which gave the highest signal strengths
(1-3, 3-4, 4-4, 4-5) did not have lower than average strengths, indicating
either that the defect was machined away during specimen preparation or that
the identified defect did not have any influence on strength. Some of the
specimens broke "off center" with apparent surface or corner fracture
initiation sites, again indicating that the defect was lost during machining
or did not influence fracture.

6.3.3 SEM Fractography

Fracture surfaces of selected specimens were examined by scanning
electron microscopy to identify and characterize any obvious fracture initia-
tion sites, and to obtain a size estimate of the ultrasonically detected
defects. A thin coating of vapor deposited copper (< 5 00A) was applied to the
surfaces to eliminate charging effects.

Figure 35 shows the mating fracture surfaces of one of the
control specimens (X-4) with an obvious fracture initiation site just below
the tensile surface and a fairly well defined "mirror" region. At higher
magnifications this defect took on the appearance of a smooth amorphous
looking area. A specimen tilt of about 230 was used so that there is some
image foreshortening in the vertical sense. The defect shown in Figure 36
would therefore have a width dimension of about 25 pm and a length dimension
somewhat greater than 60 pm. Since the hot pressing direction for the
material was in the specimen width direction, it would be anticipated that
the defects would be elongated in the specimen thickness direction.
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SFigure 36. Fracture Initiation Site of Specimen X-14 at High Magnification.
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Representative fracture surfaces in specimens with identified
defects are shown in Figures 37-46. A well defined fracture mirror associated
with a platelike or line defect is evident in Figures 37 and 38 (specimen 1-3).
At high magnifications the defect appears as a crack with a sandwiched layer
of flakelike material. This defect was almost perfectly aligned parallel to
the tensile stress, during bend testing, and although failure obviously
initiated at this location a fairly high fracture strength was observed.
It is reasonable to assume that had the specimen been tested in the normal
direction (bend axis rotated 90°), a very low strength value would have been
obtained. A relatively high signal strength was noted for this defect and
its estimated length (SEM) was about 875 um.

Figure 39 shows fracture-surfaces of specimen 1-4, the strongest
specimen in this batch, with an apparent fracture initiation site close to
the surface and about one-third of the width of the specimen from the right
hand edge. There was a very small mirror portion with a small ("25 Pm) void
located at the center. For this specimen there appeared to be a good correla-
tion between defect location and size, as determined from the ultrasonic signal,
and from the SEM fractography. The seeded defect in specimen 3-3 was actually
cut through so that it was exposed to the surface as shown in Figure 40.
There was again a clearly defined mirror region identifying the fracture
origin. The defect was clearly visible in the scanning electron microscope
at 200X magnification on the ground surface, but was not visible optically.
The difference in electron absorption indicated the presence of heavy elements
and the defect was subsequently identified as WC. The image foreshortening
effect is most evident from comparisons of Figures 40 and 41. In Figure 40
the angle between the beam and specimen ground surface was 90-23' or about 700 ,
and the tungsten carbide particle appears to have a circular section. In the
lower photograph of Figure 41, the fracture surface was tilted about 500
from the beam so that the machined surface was now at about 400 to the beam
and the defect looked elliptical (disc shaped in three dimensions). Bearing
in mind that the pressing direction was horizontal with reference to Figure 40,
this would be the anticipated shape of a spherical particle after deformation.
From the SEM's, the estimated dimensions of this defect were that of an
ellipsoid with major and minor axes of about 130 and 75 pm, respectively.

Fracture surfaces of another seeded specimen are shown in
Figures 42 and 43. There was a problem of surface contamination with this
specimen but since there was a very obvious cause of fracture in the form
of a large inclusion, the residual contamination did not affect the evaluations.
This specimen had a strength level of about 50% of the mean value. The
fracture surface was very smooth and practically all mirror out to the
compressive crack front. This defect was also machined through and had the
apperance of a short rod-like inclusion of about 130 pm diameter.

The remaining specimen with a well defined fracture origin
was 4-4 (Figure 44). This specimen broke off center near one of the loading
pins, however, indicating that the ultrasonically identified defect was
misplaced or lost during machining, or that the defect in the fracture surface
was a more potent crack initiator. Because of the high signal strength (large
defect), it is likely that the former was done. The fracture origin had some
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Figre38 Facur Iitiation Site of Specimen 1-3 at High Magnification.
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of the appearance of the smaller area in Figures 35 and 36 and, in fact, was
also observed in other samples. In addition to the amorphous looking area,
approximately 100 um diameter, there was a groove with a crack at the base
terminating in a "penetration flaw" referred to by Gruver et al (27).
Figure 45 is included to show a requently observed fracture behavior where
initiation from one corner was evident. This type of failure would indicate
the presence of surface damage from machining. In this case, however, closer
examination (Figure 46) indicated the presence of a 10-20 pm diameter void
close to the edge.

6.3.4 Microprobe Analyses

Quantitative electron beam microprobe analyses were performed

on selected samples in an attempt to further characterize the defects. The
actual fracture surfaces were examined and a multichannel analysis was first
used to scan the total elemental spectrum at each defect. Slow scans were
then performed for selected elements based on the indications of even trace
amounts of these elements. Microprobe traces were obtained for the elements
Si, N, C, S, 02, Ca, B, Fe and W. Serious problems were encountered in
interpreting the data due to the uneven topography, and only two specimens
gave meaningful results. Microprobe traces for specimens 3-3 and 3-5 (see
SEM's in Figures 40 and 42) are shown in Figures 47 and 48. The inclusion/
defects in specimens 3-3 and 3-5 are clearly identified as WC and aluminum
oxide (A12 03 ). In the case of specimen 3-3, the scan was made on the ground
surface.

It is likely that more meaningful data would have been obtained
on specimen 1-3 if the specimen had been sectioned across the defect and
polished. These additional evaluations were not possible within the program
schedule, however. The results obtained on specimens X-4 and 4-4 indicate
that refinements in the microprobe analysis technique will be required in
order to obtain useful analytical data on the type of defect shown in
Figures 35 and 44.
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Figure 46. Fracture Initiation Site of Specimen 4-6 at High Magnification,
Showing Large Void at Center of Fracture Mirror.
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6.3.5 Correlation With Ultrasonic Results

Seven of the eight defect free control specimens tested broke
without revealing any significant internal defects. One broke through a 6O m
defect which was not detected ultrasonically. Of the sixteen defect containing
specimens, four (1-3, 1-4, 3-3, and 3-5) broke through defects that give every
evidence of being the ultrasonically detected defects. Two other specimens
gave uncertain results. Specimen 4-4 broke through a defect of about the right
size (1001m) and depth in the specimen, but located so far from the center
that only a gross machining error could explain its location. Specimen 2-1
initiated fracture from a corner, but it broke through a 40U m defect in the
proper location to be the one detected ultrasonically. Furthermore, the ultra-
sonic signal strength correlates well with the defect size if the defect is WC.
However,'electron microprobe analysis failed to indicate the presence of WC at
this location. Based-on these results, it is difficult to draw any convincing
conclusions about specimens 4-4 and 2-1.

In considering why the other specimens did not break through
ultrasonically detected defects, two explanations can be supported by the
existing evidence. The first is that the accuracy in locating the defects was
not as good as expected and some of the defects were machined away. This
explanation is supported by the fact that the two seeded defects broke the
tensile surface of their specimens. The second explanation is that the specimens
contained corner or surface flaws that caused the specimens to break at a lower
strength than that associated with the defect. This explanation is supported
by the fact that those that did break through ultrasonically detected defects
showed higher strength than some of the specimens that broke from surface or
corner flaws. Examination of the ultrasonically detected defects that were
exposed by specimen fracture showed that the smallest defect that could be
definitely identified as having been detected ultrasonically was the 25Pm void
in specimen 1-4. Thus, the program goal of showing that high frequency ultra-
sonics is capable of detecting defects in the 10 to 100 Um size range was
accomplished.

In Table IV, calculated defect sizes are shown, along with the
values measured for defects examined by fractography. The calculated sizes are
based on the theory that the ultrasonic signal amplitude is proportional to the
cross-sectional area of the defect in the plane perpendicular to the ultrasonic
beam. The values for low density inclusions were calculated based on the
measured size of the seeded defect in specimen 3-5. The values for high
density inclusions were calculated based on the measured size of the seeded
defect in specimen 3-3. The 40um value calculated for specimen 1-4 indicates
that a void is easier to detect than a low density inclusion. The values
calculated for specimens 2-1 and 3-2 indicate that the defects, which could
only be detected at 45 MHz, were in the 10 to 45km range, depending on their
type.

No correlation was observed between the ultrasonic signal level
and flexural strength. This is to be expected, of course, since most of the
specimens did not initiate fracture at ultrasonically detected defects. However,
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TABLE I V

RELATIONSHIP OF ULTRASONIC SIGNAL LEVEL AND DEFECT SIZE

Defect Size (2) (0m)

Calculated (3) for
Specimen Signal Level M Measured

(No.) (mV) Low Density High Density
Inclusions Inclusions

1-3 5.4 150 - 25x850
3-4 5.2 145 -
4-4 5.7 155 - 100(5)
4-5 7.9 180 -
1-1 1.1 70 200
4-1 1.2 70 200
4-2 2.5 100 290
4-6. 1.5 80 225 -
1-2 0.5 45 130
1-4 0.4 40 - 25
3-1 0.3 35 100
4-3 0.4 40 115
2-1 0.06 16 45 40(5)
3-2 -0.04 13 35 "
3-3 0.5 - 130
3-5 4.1 130

NOTES:

(1)The "Signal Level" is the magnitude of the defect reflected acoustic

signal, which was considered here in relation to the arbitrary reference
magnitude obtained from Specimen No. 3-5. The signal level is expressed
in the units in which the quantity itself is measured (mW).

(2)The "Defect Size" is expressed in the units in which the spherical shape

defect itself is measured (diameter in um).

(3)Defect sizes were calculated by using either specimen No. 3-5 (low density
inclusion) or 3-3 (high density Inclusion) as arbitrary reference points,
and assuming thatthe signal level is proportional to the diameter squared
of a circular cross-section reflector.

( 4 )Defect sizes were measured using SEM fractography.

(5)The correlation between the measured and the ultrasonically detected
defect sizes is uncertain.
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from the appearance of the defects that were exposed by fracture, it was con-
cluded that no correlation should be expected for the experimental geometry
employed. The defects observed were all compressed in the direction of hot
pressing (the billet 1/4-inch (0.63 cm) thickness) so that. their major
axes were in the plane of the billet. Since the ultrasonic beam was parallel
to the hot pressing direction, the defects were favorably oriented to produce
the maximum ultrasonic defect signal. The specimens, however, were machined
with their length in the plane of the billet, since the billet thickness was
too small to allow specimens to be made parallel to the direction of hot pressing.
Therefore, the defects were oriented in the specimens so as to have a minimum
stress intensity factor with respect to the direction of testing. For the
particular specimen geometry in question, ultrasonic shear wave inspection
would be much more likely to show a correlation with flexural strength.

In the previous sections of this report the seeded defects are
referred to as either voids or WC particles. The results of the fractography
and microprobe analysis show that the seeded "void" is apparently aluminum
oxide. This discrepency is a result of the fact that the billet manufacturer
stated that'he would insert a material in the billet that would be destroyed
during billet fabrication in order to create a void. The material used was a
piece of 125v m diameter aluminum shot. Apparently, during processing it
oxidized and remained intact as a low density inclusion. It is interesting to.
note that the low density and high density (WC) seeded inclusions were about
the same size and were both open to the surface. But the specimen containing
the low density inclusion was extremely weak, while the one containing the high
density inclusion was only slightly below average in strength. In this case
the relatively higher level of ultrasonic signal correlates with the weaker
material.

In summary, although the data available from fractography is
limited, a number of conclusions can be drawn from the experimental results.

1. High frequency ultrasonics is capable of
detecting defects in the 10 to 100p m
range of interest in hot pressed silicon
nitride. Detection of a 2 511n void at a
frequency of 25 MHz has been verified.

2. The size defect that can be detected depends on
the material of the defect (acoustic impedance
mismatch). Voids are most easily detected.
For smaller size inclusions, particularly high
density ones, higher frequencies are needed.

3. Defects in pressed materials tend to be
flattened in the plane perpendicular to the
pressing direction (preferred orientation).
In billets such as those used in this program,
this causes the defects to be favorably oriented
for detection using longitudinal waves, but unfavorably
oriented to cause specimen failure in the directions
that can be tested. For this reason shear wave
inspection is more likely to provide a correlation
with flexural strength.
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6.4 Sintered Silicon Carbide Evaluations

The ultrasonic inspections of the billet of sintered silicon carbide
showed areas of indications at 25 MHz similar to the lines found on a contour
map (Figure 14). At 45 MHz these same patterns were superimposed on a general
background of Indications. Specimen areas were selected In this billet to
provide a contrast between material exhibiting the pattern of defects and
material containing only the general background Indications.

6.4.1 Specimen Preparation

Eight specimens were cut out of corner #4 of the billet as shown
in Figure 49, again with the billet thickness as the specimen width. Specimens
1-1 through 1-4 are in a relatively defect free area while specimens 2-1
through 2-4 Intersect one of the major defect patterns. In order to maintain
the two-to-one width-to-thickness ratio with this thin billet, the specimens
were made 0.168 x 0.084 x 1.25inches (0.427 x 0.213 x 3.18 cm). As with the hot
pressed silicon nitride, 0.002 inches (50,m) was removed from the tensile
surface by grinding along the length of the specimen and the corners were
chamfered 0.005 inches (125pm) at 45*.

6.4.2 Flexural Strength

The specimens were tested Dy the procedure described in Section 6.2.
The four point-bend strength data are presented in Table V. *The results did
not indicate any strong correlation between strength and location within the
panel, since there was considerable scatter within each group. The mean and
standard deviation values for the total population, 249 and 78 MN/m 2 (36.2 and
11.3 ksi) were of the same order as determined separately for each group. These
strengths appear to be low and with considerable variability, compared to
published data on other sintered silicon carbide materials (Ref. 28). It should
be observed however that during cutting with a diamond wheel there was more of
a tendency for chipping with this material, and although the specimen corners
were ground, residual machining damage may have been present.

6.4.3 SEM Fractography

The same procedures used to examine fracture surfaces in hot
pressed silicon nitride were used with these specimens. In general, there was
no obvious defect/fracture initiation correlation with the sintered silicon
carbide specimens, in contrast to the data obtained on hot pressed silicon
nitride. Several possible fracture initiation sites could be identified on
each specimen.

Figure 50 is a series of SEM fractographs of Specimen 1-1
illustrating typical "flaws" found in most of these specimens. As before, the
photographs are presented with the tensile surfaces, of the mating fracture
surfaces, closest together. The markings visible on the compression surface in
the low magnification photographs are due to residual wax pencil traces used to
identify the desired load direction. In this specimen fracture appeared to
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TABLE V

FLEXURAL STRENGTH OF SINTERED SILICON CARBIDE SPECIMENS

Specimen Flexural Strength Fracture Initia ion

(No.) MN/m2 ksi Site/Flaw Typel ~)

1-1 261 37.9 Corner Edge/A or C

1-2 346 50.2 Corner/E

1-3 163 23.6 Edge/E

1-4 314 45.5 Corner/E

2-1 185 26.9 Edge/E

2-2 172 24.9 Sub-Surface or Corner/A

2-3 207 30.0 Corner/E

2-4 347 50.4 Edge or Corner/E

NOTES:

(1) Flaw Types: A Large Void
B Incluson
C Line Defect
E Unidentified
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A. Corner and Edge Possible Initiation Sites Indicated.

Figure 50. Fracture Surfaces of Sintered Silicon Carbide Specimen 1-1.
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B. Chipped Corner Indicated.

Large Void Indicated

Figure 50.
(cont.) 200X



4i

C. Internal Line Defect. 50X

II

Same Area as Above Rotated 1800 20OX

Figure 50.
(cont.)
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D. Line Defect and Void Indicated.

Figure 50.
(cont.) 200X



E. ZOO

Secondary Cracks and Microporosity. IOOOX

Figure 50.
(cont.)
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have initiated at the right hand corner or edge (Figure 50-A), but there was
not the well defined mirror area observed in many of the silicon nitride
specimens. There was also a line defect visible running horizontally and close
to the neutral stress axis. The micrographs in Figures 50-B to 50-E show
representative "defects" which were typical of many of these specimens at
higher magnifications. Figure 50-B shows the corner of Specimen 1-1 where
fracture could have initiated. The apparent remains of a large chip is visible
(top photograph) at the tensile surface which may have created sufficiently
high stress concentrations to initial failure.. The general area near the
corner location however appeared to contain several larger-than-average pores
of the order of 10 p m diameter, and a large void (-40 p m) is indicated in the
lower photograph in a region roughly corresponding to the center of the mirror
region. The horizontal line defect visible in the low magnification fractographs
is shown in Figure 50-C. This has some of the appearance of the "stepped flaw"
defect referred to by Gruver et al (Ref. 27) In hot pressed silicon nitride. A
crack was visible at the end of this "defect" which may be just part of a
multiple crack system in the fracture surface. Figure 50-D shows a region near
the tensile surface and close to the center of the specimen which may have been
a secondary fracture nucleation site. The only obvious structural details were
the presence of a small trench with a crack running vertically (top picture)
and a secondary crack system running parallel to the fracture surface. There
is also a larger-than-average sized void indicated by the arrow, close to the
specimen surface. Figure 50-E shows more secondary fragmentation regions and
the high magnification photograph indicates an average pore size of about 1-1/2 Urm.

Low magnification fractographs of Specimens 1-3 and 2-4, repre-
senting the lowest and highest strength materials from this series of specimens,
are shown in Figures 51 and 52. The major difference in the appearance of the
two fracture surfaces was that the weaker material had a much smoother or
flatter topography and appeared to contain more of the 10-20 p m size pores.
There was also a stepped or faceted region at the right hand side of the weaker
specimen and a small, but fairly well defined semi circular mirror region at
one edge. It was difficult to assign an unambiguous fracture original site to
either specimen.

More evaluations should be performed on this material, taking

additional precautions to minimize surface damage during specimen machining.

6.4.4 Correlation With Ultrasonic Results

In examining the fracture surfaces of the sintered silicon
carbide specimens, it is evident that the ultrasonic defect patterns are
associated with the areas of secondary fragmentation, such as the one located
about one-third of the specimen thickness from the left side in Figure 52.
Areas of this type are typical of Specimens 2-1 through 2-4 and in each case
the area is about one-third through the specimen and favorably located for
ultrasonic detection. Areas of this type also show up in some of the specimers
in the other group, such as Specimen 1-1 (Figure 50A). However, they tend to
be oriented at a steep angle to the inspection direction which was unfavorable
for defect detection. The nature of these flaws could not be determined by
fractography. The only explanation observed for the general background of

84



Possible Edge Initiation Site Indicated. 16X

Figure 51. Fracture Surfaces of Sintered Silicon Carbide Specimen 1-3.
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Figure 52. Fracture Surfaces of Sintered Silicon Carbide 
Specimen 2-4i.

I 6X



indications seen at 45 Mlhz was the porosity of this material. These pores,
however, were quite small, with the largest being in the 10 to 20 pm range.
Since there is no significant difference between the flexural strengths of
the two groups of specimens, no correlation could be shown between the
material strength and the ultrasonic indications.

6.5 Reaction Bonded Silicon Nitride Evaluation

The ultrasonic inspections of the billet of reaction bonded silicon nitride
revealed a general background of indications. Since the frequency of these
indications was lower in areas of higher acoustic velocity (and, therefore,
higher material density), it was assumed that these indications resulted from
the pores in the material. Therefore, the specimens for flexural strength
measurements were divided into two groups representing the extremes of indica-
tion frequency.

6.5.1 Specimen Preparation

Four specimens each were cut out of corners #1 and #4 of the
billet as shown in Figure 53. Corner #1 was an area of low defect frequency
and corner #4 was an area of high defect frequency. The specimens were made
1/8 x 1/4 x 1 1/4-inches (0.32 x 0.64 x 3.18 cm) using the billet thickness
for the specimen width. The tensile surface was ground along the specimen
length to remove 0.002 inches (50 pm) and the corners were chamfered 0.005
inches (127 pm) at 450.

6.5.2 Flexural Strengths

The specimens were tested using the procedure described in
Section 6.2. The four point-bend strength data from these tests are listed
in Table VI. Although the number of tests were insufficient to obtain
statistically meaningful strength distributions, there did appear to be a
correlation with panel location, if specimen 1-4 was regarded as anomolous.
The subsequent SEM fractography evaluations tended to confirm a correlation
between acoustically indicated defect density, strength and observed defect
density.

6.5.3 SEM Fractography

The same procedures as detailed before were used to examine
all of the specimen fracture surfaces of reaction bonded silicon nitride.
The large amount of porosity present in this material was evident even in
the low magnification fractographs. The fracture surface of specimen 1-4,
which had an anomalously low fracture strength, is shown in Figures 54 and 55.
A large flaw (500 pm diameter) which appeared in the SEM as a bright powdery
looking area was evident in the center-of the specimen near the tensile
surface. As can be seen in Figure 54, this flaw had a tail extending into
the specimen giving a total length of about 1 mm. A similar but much smaller
area was identified as the fracture origin in specimen 1-1. In other respects
the fracture surfaces were very similar to those in the remainder of the
specimens. Microprobe analyses to investigate the chemistry of this flaw
have not so far been conducted. The average pore sizes in specimens 1-1 to
1-4 were of the order of 20 Um with a range of about 5 to 200 pm.
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Figure 53. Location of Four Point-Bend Specimens With Respect to 25 MHz

inspection Results in Reaction Bonded Silicon Nitride.
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TABLE VI

FLEXURAL STRENGTH OF REACTION BONDED
SILICON NITRIDE SPECIMENS

Specimen Flexural Strength Fracture Initiation
(No.) MN/r 2  ksi Site/Flaw Type(I)

1-1 130 18.9 Sub-Surface/B

1-2 139 20.2 Unidentified

1-3 152 22.1 Sub-Surface/A

1-4 103 14.9 Sub-Surface/B

4-1 87 12.6 Corner/D

4-2 128 18.6 No Obvious Initiation/C

4-3 122 17.7 " " "

4-4 116 16.9 " " "

NOTES:

(1) Flaw Types: A Large Void
B Unidentified Inclusion
C High Concentration of Voids
D Surface Notch
E Unidentified
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Figure 54. Fracture Surfaces of Reaction Bonded Silicon Nitride
Spec imen 1 -L.

90W-4o



Figure 55. Unidentified Inclusion in Specimen 1-4.. 200X
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Figures 56 and 57 are SEM fractographs of specimen 4-2. A
comparison of Figures 55 and 57 illustrates the differences in pore density
between the two groups. The average pore size was not significantly
different but as seen from Figure 57 there were many more of the 20 um size,
roughly spherical, voids present. In Figures 56 and 57 there are no obvious
crack initiation sites visible.

6.5.4 Correlation With Ultrasonic Results

Examination of the fracture surfaces of the reaction bonded
silicon nitride specimens verifies that the ultrasonic indications were
primarily the result of pores. While some pores of about 200 pm were observed,
the high density of ultrasonic indications can only be explained by assuming
that pores on the order of 20 um were detected.

The flexural strength data shows a correlation with the frequency
of ultrasonic indications if the specimens that failed due to larger internal
defects are ignored. On the other hand, the large defect in specimen 1-4
could not be distinguished from the general background of indications from
the material pores. This suggests that this type of material should be
inspected at a lower frequency and/or sensitivity in order to detect large
defects without detecting pores. The results shown in Figure 16, for example,
might be useful in identifying the larger defects in the material. Further
work would be required to determine what size inclusion or other large defect
could be detected at a sensitivity that would not show the general background
of pores.
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No Obvious Fracture Initiation Site. 16X

Figure 56. Fracture Surfaces of Reaction Bonded Silicon Nitride

Specimen 4-2.
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Figure 57. High Concentration of Voids in Specimen 4-2. 200X
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7.0 CONCLUSIONS AND RECOMMENDATIONS

The program objective, demonstration of the capability of high frequency
ultrasonics to detect defects in the 10 to 100 pm size range in gas turbine
quality ceramics, has been accomplished. In addition, a number of conclusions
have been drawn which indicate the direction that further investigation in
this field should take. The four materials tested in this program all gave
somewhat different results. Therefore, the specific conclusions and recom-
mendations for each material are treated separately in the following sections.

7.1 Sintered Silicon Carbide

The general background of ultrasonic Indications seen at 45 MHz seems
to correlate with the pores in the material, the largest of which are in the
10 to 20 pm range. The contour patterns of ultrasonic indications correlate
with areas of secondary fragmentation in the fracture surfaces. The nature
of any defects associated with the secondary fragmentation, however, was not
determined. The four point-bend specimens tested did not initiate fracture
at the locations of ultrasonically detected aefects and so no correlation
could be established between the results of the ultrasonic longitudinal wave
inspection and the material flexural strength.

It is recommended that further investigation of this material be carried
out in order to establish the origin of the contour patterns of ultrasonic
indications. It is further recommended that this material be inspected using
ultrasonic shear waves in an effort to establish a correlation with flexural
strength. In view of the general background of indications observed in the
45 MHz inspections, it is not recommended that higher frequencies be used
unless a better quality material can be obtained.

7.2 Reaction Bonded Silicon Nitride

It was concluded that a correlation exists between the flexural strength
of this material and the frequency of ultrasonic indications resulting from
the general distribution of pores on the order of 20 pm in the material.
However, the high density of ultrasonic indications from these small pores
makes it difficult to identify indications from inclusions which were observed
to have a significant effect on material strength.

There is some lower ultrasonic frequency which would allow the general
background of pores to be ignored while detecting larger pores and inclusions.
Further evaluations would have to be performed in order to determine what
size defects could be detected under such circumstances and whether or not
such a technique would be useful for quality control of this material. Such
an investigation, however, was not considered within the scope of the present
program.
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7.3 Hot Pressed Silicon Carbide

This material was not submitted for mechanical testing because the
ultrasonic inspections yielded so few defect indications that no significant
results could be anticipated. It is recommended that this material be further
evaluated at higher frequencies and using shear as well as longitudinal waves
in an effort to identify enough defects to allow a statistically significant
mechanical testing program to be conducted. It is further recommended that,
since the seeded defects could not be detected in this material, a suitable
reference standard be developed to allow an estimate to be made of the size
defects that are detected in this material.

7.4 Hot Pressed Silicon Nitride

Three definite conclusions were drawn from examination of the defects
that were exposed by specimen fracture:

1. The smallest defect that could be correlated with an ultrasonic
signal was a 25 um void (that was detected at an ultrasonic
frequency of 25 MHz).

2. There is about a factor of ten difference i'n the signal level
from a low and high density inclusion of about the same size,
shape and depth in the material. Therefore, ultrasonic
inspection possesses a preferred defect detection sensitivity
for low density inclusions (high acoustic impedance mismatch).

3, The defects were deformed due to the process of hot pressing,
making them favorably oriented for ultrasonic detection using
longitudinal waves traveling in the billet thickness (hot
pressing) direction, but not for affecting material strength
in the direction tested. Defects favorably oriented to reduce
material strength in the directior tested would be more easily
detected by ultrasonic shear wave inspection.

In addition, several tentative conclusions are suggested by the data, but
further investigation is required to prove or disprove them. For example,
calculations based on the signal level for the seeded defects indicate that,
at a frequency of 45 MHz, low density inclusions of about 13 um and high
density inclusions of about 35 pm should be detectable with the available
instrument sensitivity. Furthermore, the relationship between the calculated
and measured size of the 25 Pim void suggests that voids are easier to detect
than low density inclusions, so that a void less than 10 pm might be detectable
at a frequency of 45 MHz. The small effect that such small defects would
have on material strength makes it difficult to verify these calculations by
initiating a specimen fracture at such a defect.

No definite conclusion could be drawn as to why more of the specimens
did not break through ultrasonically detected defects. Evidence was found
to support two conclusions, either or both of which could explain the results.
One is that the asymmetry and orientation of the defects cause those defects
that give strong ultrasonic signals to have little effect on material strength.
The other is that due to larger than expected errors in defining the defect
locations, many of the defects were machined away rather than being present
in the specimens.
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The results of the work done on hot pressed silicon nitride show that
the goal of the program has been achieved. It has been shown that high
frequency ultrasonics is capable of detecting defects well into the 10 to
100 pm range in fully dense material. In order to demonstrate that' this is
a useful tool for quality control of ceramic parts, further development is
needed in two related areas. One is the establishment of a correlation
between material strength and the various types of defects that can be
detected ultrasonically. The other is the development of higher frequency
techniques to allow detection of defects on the order of 10 pm for those
types of defects for which a correlation can be established. Based on the
results to date, it is recommended that ultrasonic shear wave inspection be
explored, since it seems more likely than longitudinal wave inspection to
correlate with flexural strength in the type of specimens that can be con-
veniently tested.
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8.0 APPENDICES

8.1 Transducer Characterization

In selecting a focused transducer for ultrasonic inspection, one must
consider that the ultrasonic beam is refracted by passing through the interface
between two materials in the same way that light is refracted by a lens. In
the case of a sonic beam, the index of refraction is determined by the ratio
of the velocity of sound in the two materials. In the case of hot pressed
silicon carbide, for example, the velocity of sound is about eight times the
velocity of sound in water, so that a transducer with a focal length of two
inches in water is required to focus the beam on the back surface of a
one-quarter inch thick ceramic plate. After evaluation of several transducers,
two transducers were purchased, one with a resonant frequency of 25 MHz and
one with a resonant frequency of 45 MHz. Both transducers were Aerotech
Laboratories' type alpha transducers with one-quarter inch elements and nominal
focal lengths of two inches in water.

The transducers procured on the program were fully characterized by
TRW in-house laboratory measurements. First the electrical impedance of each
transducer was measured using a network analyzer consisting of a sweeping
signal generator and phase/amplitude tracking detector with an impedance
adaptor (Ref. 29). The transducers were then pulsed using a TRW Model 100
Ultrasonic Pulser/Receiver and the time domain response was analyzed to
determine the resonant frequency of each transducer and the effect of water
path on the frequency spectrum of the reflected signal.

Figure 58 shows the output of the pulser with no transducer. Figure 59
shows the same output with the 25 MHz transducer loading the pulser. The
vertical scales of both figures are 50 V/cm and the horizontal scales are
10 ns/cm. The transducer pulse risetime (from 10% to 90% of pulse height)
shown on Figure 59 is 0.8 cm or 8 ns. The risetime is 80% of a quarter wave
or 20% of a full wave, so that the period of the pulse is 40 ns, corresponding
to a transducer frequency of 25 MHz. Figure 60 shows the pulse reflected
back to this transducer off the surface of a flat ceramic plate located at
the focal point in water which was found to be 1.8 inches. Figure 61 shows
the pulse from the same target at a water path of only 0.50 inches. The
vertical scales are 0.05 V/cm and 0.01 V/cm, respectively. The horizontal
scales are both 100 ns/cm. These photographs were taken to determine the
extent of frequency degradation due to selective attenuation in the water.
In both cases the frequency is degraded to about 12.5 MHz. However, the
difference in water path makes no significant difference. Figure 62 shows
the unloaded pulse reduced to 100 volts in order to avoid overloading the
45 MHz transducer. The vertical scale is 20 V/cm and the horizontal scale
10 ns/cm. Figure 63 shows the same output w;th the 45 MHz transducer loading
the pulser. The scales are the same as for Figure 62. In this case the pulse
risetime is 4.25 ns, which corresponds to a frequency of 47 MHz. Figures 64
and 65, respectively, show the reflected pulse off a ceramic plate at the
focal point in water, which was determined to be 2.0 inches, and at a water
path of 0.5 inches. In both figures the vertical scale is 0.005 V/cm and the
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Figure 58. Unloaded Output of TRW Pulser.

50 V/cm vertical; 10 ns/cm horizontal.

Figure 59. Output of TRW Pulser Loaded With 25 MHz Transducer.

50 V/cm vertical; 10 ns/cm horizontal.
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Figure 60. 25 MHz Pulse Reflected From Ceramic Plate at Focal Point.
.05 V/cm vertical; 100 ns/cm horizontal.

Figure 61. 25 MHz Pulse Reflected From Ceramic Plate at 0.5 Inch Water Path.
.05 V/cm vertical; 100 ns/cm horizontal.
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Figure 62. Unloaded Output of TRW Pulser Attenuated to 100 Volts.
20 V/cm vertical; 10 ns/cm horizontal.

Figure 63. Output of TRW Pulser Loaded With 45 MHz Transducer.
20 V/cm vertical; 10 ns/cm horizontal.
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Figure 64. 45 MHz Pulse Relfected From Ceramic Plate at Focal Point.
.005 V/cm vertical; 100 ns/cm horizontal.

Figure 65. 45 MHz Pulse Reflected From Ceramic Plate at 0.5 Inch Water Path.
.005 V/cm vertical; 100 ns/cm horizontal.
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horizontal scale is 100 ns/cm. The pulse at 0.50 inches water path is 18 MHz
while the pulse at 2.0 inches is 16 MHz, showing a slight frequency degradation
due to the water path.

The low frequencies of the reflected pulses in these tests raised a
question as to what frequency ultrasound is actually reaching the specimens.
In questioning ultrasonic equipment manufacturers about this problem, two
conflicting opinions were found. Instrument manufacturers expressed the
belief that the lens used to focus the beam selectively attenuates the higher
frequencies, causing the observed output to be predominantly lower than the
transducer resonant frequency. The transducer manufacturer states that
attenuation by the lens is small, and that the main problem is that even
a high frequency pulser has a strong low frequency component which tends to
dominate-the transducer response.

Several experiments were run to obtain further data on this subject.
First, a capacitive discharge pulser circuit was set up using a special fast
turn-on time transistor. This circuit provided a critically dampened ex-
ponential time function pulse which was used to drive various ultrasonic
transducers while varying the damping impedance to control the time function
of the pulse to generate various pulse duration times to approximate the
transducer frequencies. The ultrasonic beam was directed at a metal plate
about one inch away, and the return signal was observed on a Tektronix 7844
high frequency oscilloscope. The results of this experiment are listed in
Table VII. It was found that low frequency transducers, which usually have
a very sharp resonance, respond at their resonant frequencies. High frequency
transducers, however, respond at frequencies that depend on both the driving
pulse rise time and duration. Even with a pulse rise time equivalent to
100 MHz and a duration equivalent to 45 MHz, the 45 MHz transducer only
responded at 17 MHz. It is important to realize, however, that only the
dominant frequency was measured in these experiments.

In order to determine the transducer response at specific frequencies,
a sine wave generator with a range up to 65 MHz was used to drive each trans-
ducer. The 45 MHz transducer was used as a receiver when the 25 MHz transducer
was driven. When the 45 MHz transducer was driven a thickness gaging trans-
ducer which is known to have a 45 MHz element was used as the receiver.
Driving the 25 MHz transducer, signal output was detected up to 30 MHz.
Driving the 45 MHz transducer, output was detected up to 50 MHz. In both
cases the signal amplitude was stronger at frequencies below the resonant
frequency and diminished gradually with frequency. This test indicates
that high frequency ultrasound is reaching the specimen, but at a reduced
amplitude which may be difficult to detect as a reflection from a defect.

8.2 Instrumentation Considerations

As a result of the initial inspections and the studies of transducer
response as a function of driving pulse characteristics (see Appendix 8.1),
it was evident that a modified pulser would provide improved defect detecta-
bility. The transducer frequency response depends on both the driving pulse
rise time and pulse duration. While the pulser used in the preliminary
inspection has a fairly good rise time (l0 ns), it has a long pulse duration
and is badly loaded down by the low impedance of the high frequency transducers,
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TABLE VII

TRANSDUCER FREQUENCY CHARACTERISTICS

Rise Duration Nominal Received
Time (1) Time (2) Frequency Frequency(3)

(ns) (ns) (MHz) (MHz)

4 170 2.25 2

4 150 5 5

4 80 10 10

8 200 25 9

8 20 25 13

2 13 25 14

2 11 45 17

NOTES: (1) Pulse rise time is defined in accordance with IEEE recommended
standards (E175/E203/42A65-9E4/19E4/31E3); namely, 10 and 90
percent of the peak pulse amplitude.

(2) Pulse duration time is defined as the time interval between
the rise and fall of the pulse at which the instantaneous
amplitude reaches a zero fraction of the peak pulse amplitude.

(3) In the case of the high frequency (25 and 45 MHz) transducers,
a broad spectrum of received frequencies was present over a
range of intensities, including frequencies at and above the
transducers' resonant frequencies. The value listed in the
table is the frequency of highest signal intensity.
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resulting in a voltage on the transducer well below the maximum allowable.
The TRW-100 pulser, which was used to measure transducer characteristics,
provides a shorter rise time (equivalent to the resonant frequency of the
transducer), a shorter pulse duration, and the capacity to provide the maximum
allowable transducer voltage. In order to synchronize the TRW-100 pulser
with the Erdman receiver and defect gate, the Erdman pulser was disabled and
the trigger signal was used to trigger a signal generator which in turn could
provide a strong enough trigger pulse for the TRW-1O0 pulser. This arrange-
ment was used for all subsequent inspections. It provided superior defect
detection capability, although the makeshift arrangement contributed signi-
ficantly to noise problems which caused spurious indications on the C-scan
recordings.
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